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RESEARCH MEMORANDUM
EXPERTMENTAT, INVESTIGATION OF SUPERSONIC FLOW WITH DETACHED
SHOCK WAVES FOR MACH NUMEBERS EETWEEN 1.8 AND 2.9

By ¥W. E. Moeckel

SUMMARY

Results of an experimental investigation of the flow near the
nose of plane and axially symmetric bodies in the presence of
detached shock waves are compared with predictiocne of theory. The
location of the deteched shock wave was determined from schiieren
photographe for a variety of nose shapes over & range of free-
stream Mech numbers from 1.8 to 2.8. At a Mech number of 1.9, the
form of the detached wave and the pressure dietribution over the
body were investigated for each nose shape. In addition, the rela-

. tion between shock locetion end flow spillege was determined for

== geveral exially symmetric nose inlets.

In the range of Mech numbers investlgated, the shock location
wvag found to be predictable to good approximetion by existing theory.
At a Mach number of 1.9, the drag of the bodles upstream of their
estimated sonic polnte a2lso agreed ressocnably well with predicted
resulis. For most of the bodies Investigated, the form of the
detached shock wave &t a Mech number of 1.9 was represented to good
gpproximation by an hyperbola asympotic to the free-stream Mach
waves. The flow splllage for the nose inlets, as predicted from
shock locatlon, agreed closely with values obtalned by other means.

INTRODUCTION

A simple epproximate method for predlicting the locatlon of
detached shock waves shead of arbitrary plane and axlally symmetric
bodies in supersonlic flow l1ls derived in reference l. The mesthod con~
sists in applying the cne-dimensionz2l continuity relation to a
gimplified representetion of the flow field. An estimate of the
pressure drag of the partion of the body upstream of 1ts estimated
sonlc points is elso presented, together with an expression for the
relation between shock location and flow splllage for nose inlets.
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Experimental data in the fleld of supersonic flow with detached
shock weves heve, until recently, been very meager. Resulte presented
in reference 2 are substantlal contributions to this Ffleld but are
confined to cones and spheres and contain no information oo drag.

The data on shock location In reference 2 agree well wilth the pre-~
dictions of reference l.

An investlgation was undertaken at the NACA lLewis lasboratory
to provide further checks ,on the accuracy of the method presented
in reference 1. (A résumd of this method is presented in appen-
dix A.) The location of the shock wave relative to the body
was obtained for a wide variety of plane and axially symmetric nose
forms over & range of Mach numbers from 1.8 to 2.9. A more detalled
investigation, which included determimation of the form of the .
detached waves and the drag for each body, was conducted at a Mach

number of 1.9.
SYMBOLS
The following symbols, some of which are illustrated in fig-
ure l, are used herein: .

A area "
P .
\B %2) -
s/ o _ L
b span o -:_n; o . .=

c -B<Btanqas-[\/ﬁztan2cps-1 )

Cp drag coefficlent (based on area indicated by subscript)

- tricient, — O
Cp pressure coefficlent, —
_ B ovo _ T

_ P.\ P
k= _E 1.2679(.9.) 0.3
7Mp? Fo/, Po
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M

distence in free-stream direction between vertex of detached
wave and sonic polnt on body

Mach number
sta.gnati.on Tregssure
statlc pressure
meximum radius of axially symmetric bodies
thickness
T/2
velocity
coordinate perpendicular to free-stream direction
angle of attack
M- '
ratio of specific heats (Ll.4 for air)
inclination of sonlc line with respect to y-axis
cone half-angle for which shock becomes detached
two-dimensional shock detachment angle
gtreamline angle at sonic polnt of detached shock
denslty
isentropic ratic of critical ares to free-stream aresa

fraction of mxim\m izosaible inlet mass flow that passes out-
gide cowl : .

local inclination of detached shock wave relative to x-axis
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Subscripts:
0 free-stream condition
¢ centroid of stream tube passiﬁg sonic line
m streamline that -sei:a.ra.tes fiow entering an open-nc:;se body from

-external flow
s sonlc point on detached wave

SB  estimated sonic point on body

- conditlon at sonic line
1 upper half of unsymmstrical configuration
2 lower half of neymmetrical configuration

APPARATUS AND MODELS

The principal portion of the experimental program was conducted
in the 18- by 18-inch supersonic tunnel at a test-section Mech num-
ber of 1l.9. The models used are Indlicated schematlically in figure 2,
where the bodiles designated A have rectangular cross sections and
the bodles deslignated B are axlally symmetric. The form of the
bodies upstream and downstream of the estimated sonic point was varled
in each group. The coordinates for bodies A-7 and B-6 are given in
teble I.

The A-bodles were 10 inchee wide for most tests in the 18-~ by
18-inch tunnel, so that the ratio of span to thickness b/T was 6.16
for bodies A-1l to A-4 and 4.0 for bodles A-5 to A-7. Although these
bodies have finlte span, they are referred to as '"plane" or "two-
dimensional" for convenlience. Additional tests were made with
body A~2 to check the effect of b/T on shock form and location.
For these tests, body A-Z2 was cut to widthe of 7.5 and 5 inches,
which correspond to velues of h/T of 4.62 and 3,07, respectively.
larger values of b/T +than 6.16 were not feasible in this inves-
tigation because an Incresse in span would have choked the tunnel at
very low angles of attack, whereas a decrease in thickness would have
‘reduced the acouracy of meassurements from schlieren photogrephs. In
order to attain a closer approximation to two-dimensionsl flow,
body A-2 was therefore fitted with end plates for one test. These

[ 9

i 1252

vob

[ 1]
Loy i

Sl



2631

NACA RM E5CDO5 . 5

expoected location of the detached wave and the upstream edges of the
plates were cut to follow closely the expected contour of the shock
wave. The passage of mass flow eround the ends was thus reduced to
a minimum, conslistent with the requirement thet the detached wave
must be vislble in the schlleren photographs.

end plates projected upstream of the leading edge of the body to thej

All models investigeted in the 18~ by 18-inch tununel were
instrumented with static-pressure tubes to meesure the surface pres-
sure distributions. For the plane bodies, pressure orlfices were
located midway between the ends in the streamwise direction on both
surfaces and sround the leadling edge. For the axially symmetric
bodies, the pressure orifices lay in a plane through the sxis of
symmetry, and angle-of -attack effects were determined by rotating
the bodies in this plane.

Another serles of models was constructed for investigation in
the variasble Mach number tunnel described in reference 3. The test
section of this tunnel 1s 4 by 4 Inches at a Mach number of 2.0 and
becomes larger or smaller as the Mach number is increased or
decreased. For this investigation, the contours shown in figure 2
were used, but the maximum thiclknesses and diameters were reduced to
0.5 inch. The A-group in this seriesg was l.5 inches in span, so that
b/T for these models was 3.0. No pressure instrumentation was
attempted for thege models. All models in both tunnels were gting-
supported from the rear.

RESULTS AND DISCUSSION

Schlieren photogrephs. - Typical schlleren photographs of the
models tested in the 18- by 18-inch tunnel are shown in flgure 3.
Figures 3(a) to 3(f) are representative of the configurations obtained
for the plane bodles at zero angle of attack and at the maximum angle
of attack for which the portion of the detached wave between its soanic
points was estimated to remain vmaffected by the tunnel wall. For
angles of attack slightly greater than those shown, choking occurred
in the passage between the model and the wall.

The analogous configurations for the axlally symmetric bodies
are shown in figures 3(g) to 3(1). The A and B configurations are
seen to produce similar flow patterns, except that the detached
wave 1s considerably clcser to the nose in the B-group. The
thickness of the shock appsars to be greater for the A-bodles than
for the B-bodies. This effect is bPelleved to result from a slight
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misalinement of the A-bodies with respect to the light rays. In
analyzing the deta, the upstream boundary of the detached shock
wave was used in meaguring shock locetlion and shock form.

Representative nose inlete with detached shock waves are shown
in the schlieren photogmephs of figures 3(m) to 3(p). These photo~
graphs were taken in connection with other investigations (refer-
encee 4 to 8) and depict typical off-design flow patterns.

Schlieren photogrephs taken in the varisble Mach number tunnel
are not shown because they were, in general, rather 1ndistinct In
the region close to the detached wave and near the nose of the bodles.
This indistinctness Introduced & consliderable experimental error in
the shock locatlions measured in these tests and prevented an asccurate
determination of shock form as a funetion of Mach number.

Shock-locatlion parameter. - The experimental variation of shock-
location paremeter L/ygp with free-stream Mach number M, for each

of the bodies investigated is shown 1n figure 4. The values obtalned
in the 18- by 18-~inch tunnel are given in table II, and some of theose
values are alsc plotied In figure 4 for comparison with the variable
‘Ma.ch number tunnel resultis.

For the axially symmetric bodiee (fig. 4(a)), the variation of
shock-location parameter with Mech number followe the predicted var-
iation reasonably well, but the curve obtained by the continulty
method lies neaxr the lower limli rather than near the mean of the
velues obtained. The geometric method, as expected, predicts values
of IyysB that are higher than those obtained with any of the bodies

investigated, although &t the highest Mach number, whers the shock
shead of B-3 1s approeching attachment, the value predicted by the
geometric method 1s close to that experimentally obtained. The high
value obtailned for B-~5 at a Mach number of 2.9 can probably be attri-
buted to experimental error. This error, which was introduced by

the fuzziness of the photographs obtalned with the schlieren system
of the varliable Mach number tunnel, varied from one photograph to
another but ls estimated to average between 2 and 5 percent. Other
evidence of experimental scatter 1s seen In comparing the values

of L/ySB obtained for bodies B-2, B-4, B-5, and B-6. Inasmuch as

the noge forms upstream of the sonlc polnt are the same for these
models, the shock-location parameters were also expected to be the
same. Thig expectation wae more nearly realized in the 18- by
18-inch tunnel tests (table II).
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The difference shown in figure 4{(a) between the results obtained
in the varlable Mach nurnber tunnel and those obtained in the 18- by
18-inch tunnel at a Mach number of 1.5 may indicate a Reynolds number
effect, but 1t seems unlikely that the difference in boundary-layer
thickness 1s sufficient to account entirely for the observed dif-
ferences in L/ygp. Most of the difference must probably be atiri-

buted to experimental error in the veriable Mach number tunnel resulis.

For the plene bodles (fig. 4(b) and table II), all experimental
results with finite span-~thickness ratio fall considerably below the
predicted values. This result 1s to be expected because some of the
eir that would cross the two-dlmensional sonic line passes around the
edges of these models and consequently allowe the shock wave to move
closer to the nose. The effect of increasing b/T for some of these
bodies, and hence reducing the percentage of air that passes arowmd
the edges, is shown for a free-stream Mach number of l.9. The value
of L/ySB is seen to approach closer to the predicted value as the

body becomes more nearly two dimensional. For the test with end
plates (designated by b/T=m =), the experimental value of 17383

is only sbout 4 percent below that predicted by the continulty method.
For both plane and axielly symmetric bodies, the variation of L/ySB.

with nose form is less than #£10 percent of the mean experimsntal
'Value. T,

The effect of nose form on L/ySB at sach Mach number is similar

to that noted for axlally symmetric bodles, that is, the shock-
locatlion perameter tends to decrease as the nose hecomes mors blumt.
If the differences between the value of L/ygp o©Obtained with

b/T = 6.16 are assumed to persist when b/T me, then the "estimated”
values shown in figure 4(b) for bodies A-1l and A-3 are obtained. These
values indicate that the simplifled coatinulty method somewhat over-
estimates the values of L/yqp obtained with two-dimensional bodies.

Effect of b/T on shock form. - Shock forms obtained with
body A-2 for different values of span-thickness ratio b/T at M,

of 1.9 are shown in figure 5. The conflguration predicted for axially
symmetric bodies is also shown for comparison. In thls and several
following flgures, the common point is teken at the vertex of the
detached wave and the scale factor ygp 1s the ordinate of the estl-

mated sonic point for each body. In figure 5, the experimental shock
form for low values of b/T i1s seen to lie between the forms pre-
dicted for plane end axially symmetric flow. For b/T = 6.16, the
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experimental and assumed shock forms almost coincide; whereas, for
the test with end plates, the experimentel wave lies slightly
upstream of the predicted form beyond the shock sonic point. The
small difference between the shock forms for b/T of 6.16 and for
the end-plate test indicates that the splllage around the ends of
the model for b/T of 6.16 had little effect on the shock form.

The shock location, however, which is indicated by the translations
of the model contour in figure 5, changes gquite noticeably in the
range b/T>6.16. (See also fig. 4(b).) The transition toward

the axially symmetrlic shock form and location as b/T decreases is
1o be expected from the conslderation that the cross-sectional area
of the A-bodies approaches the crogs-sectlonal ares of axially
symmetric bodies. In particular, for b/T of 1.0, the configuration
for the A-bodies would be expected to be very close to that obtained
with the B-bodies, =zlthough some difference should persist because
of the difference between the aress of a square and 1te inscribed
circle.

Effect of body form on shock form. - The form of the detached
waves obtained for each of the plane bodies with b/T of 6.16 is
compared wlth the assumed hyperbolic form in figure 6. Similar plots
for the axlally symmetric bodies are shown in figure 7. In fig-
ures 6(a) and 7(a), the bodies are placed at their observed location
relative to the detached wave; but in figures 6(b) and 7(b), only
the average location is shown because the differences in L/ygp

were small for the bodies in these figures (table IT). The theo-
retical sonic line is shown as a s0lid line between the shock and
the body, and its end point on y/ygp of 1.0 is the theoretical

location of the body sonic point rglative to the shock wave.

From figures 6(a) and 7(a), the form of the body contour
upgtream of the sonic, polnts ls seen to have relatively little
effect on the form of the detached wave, although for the plane
bodies there ies 2 noticeable trend toward less concave shock form
ag the nose form becomes more blunt. These varistions may be impor-
tant for computations of totel drag based on shock form (refer-
ences 7 and 8), but they are considered sufficiently small to sub-
stantiate the assumption used in the analysis of reference 1, namely,
that the form of the body upstream of its sonic points has little o
effect on the form of the detached wave. _

The contour of the body downstream of the sonic point also

appears to have little effect on the shock form for the plane bodles
(fig. 6(b)) but influsences conslderably the shape of the wave for

#
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axially symmetric bvodles (fig. 7(B)). This influence., however, is
not great between the vertex of the shock wave and its sonic points.
The form of the shock wave beyond 1ts sonlc points does not enter
into the theory of reference 1.

An indication of the reasons for the less rapld decay of the
detached waves beyond their sonic points for bodies such as B-5
. and B-6 can be obtained by comparison.of figures 3(g) to 3(i).
(The obligue line downsiream of the detached wave in the upper portion
of theme figures resulis from a scratch on the tunnel window.) For
B-1 and B-3, & region of expansion is vislble in the wvicinlty of the
shoulder. The downstream portion of this expsnsion reglon diverges
from the detached shock wave, so that the form of the detached wave
is evidently independent of the body contour beyond the immedimte
vicinity of the sonic point. For B-6, however, the expension is
more gradual, so that the shock form can be influenced by a some-
what larger portion of the contowr downstream of the somic point.
Similar observations for plane bodies (figs. 3(=) to 3(c)) show that
expansion waves near the sonic point diverge from the detached shock
wave for A-7 as well as for A-l and A-3, so that the detached wave
for A~7 should be very similar o that obtained with A-2., This
expectation is confirmed in figure 6(b). These considerations indicate
that near M, = 1.9, the entire detached wave can be represented to

good approximation by equation (7), (eppendix A) (with y, = O) when

only the expansloh waves thaet originete in the immediate vicinity of
the body sonilc point can reach the detached wave; for more gradually
curved bodies, the detached wave beyond ite sonic point may decay less
rapidly then indiceted by equation (7), (appendix A). In elther case,
however, use of the hyperbolic form to compute total drag by the
methods of references 7 or 8 is unwarranted, inasmuch as small changes
in shock contour can introduce considerable changes in computed drag.

Whether the hyperbola is a good approximation to the form of the
detached wave at Mach numbers much higher than 1.9 remalns to be
established. For Mech numbers lower then 1.9, o comparison with the
results of reference 2 showed that the hyperbola form is a good
approximation for the detached waves ahead of cones and spheres at
Me.ch numbers 1.17, 1.30, and l.62. Iarge dlscrepancles sppeared,
however, when the shock sahead of the cones approached attachment.

Effect of angle of attack on shock form and location. - In
reference 1, the shock form and location at angle of attack for two-
dimenslionsl bodles was estimated by considering separately the top
and bottom halves of the configuration. The center line (see sketch,
fig. 8) was taken in the free-stream direction and passed through the
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intersection pf the tengent lines from the body éonic pointa. The
sonlc-point ordinates ¥sB,1 and YsB,2 are messured from the

center line and determine the relative scale of the top end bottom
halves of the configuration. According to reference 1, the values
of ys/bsB for each half should be the same, 80O that shock form,

shock location, and drag coefficient should kave the same values as
for symmetrical two-dimensional bodies. .

In figure 8, the shock weves agree well with the predicted form
for the two extreme noses A-1l snd A-3 at angle of atitack. For each
body, the shock forms are elmost identical at zero asngle of attack
and 6.5° angle of attack. By superposition of schlieren negatives,
this result was found to hold alsc for the axially symmetric bodies;
that is, the detached wave at angle of attaeck for each body was almost
identicael in form to the detached wave at zero angle of attack. When
the two shock waves were superimposed, the relative position of the
bodies was approximately that obtalned by rotating one of the bodies
about the center of the line Joining lts estimated sonlc points. In
effect, the detached wave therefore remained almost stationary as the
body was roteted through e range of angles of atiack.

In plotting figure 8, different scale factors (ySB,l ang
VSB,Z) wore used for the upper and lower portions of the config-

wrations so that the agreement with the predicted configuration could
be established. Thisg difference in scale factors resulte in a slight
discontinulty at the centexr line of A-1l at angle of attack. This
discontinuity can be eliminated and the experimentally observed con-
figuration can be obtalned by multiplying the ordinste and the
abscissa of the lower half by the ratio ygg, 2/7SB 1, which was 1.07

for an sngle of attack of 6.5°. The value of L/ySB at 6.5° angle

of attack was found to be 1.99 for both halves of body A-1 and 2.11
for both halves of body A-3. These values are slightly higher than
those obtalned st Zero angle of attack (1.95 and 2.07, respectively).

Pressure distributicns. - The distribution of pressure coeffl-
clent over the nose of each model investigated in the 18- by 18-inch
tunnel is shown in figures 9 end 0. For each body, the lccatlion of
the experimental gonlic point at zero angle of attack is alsc shown,
together with the estimated locatlon. The local Mach number on the
surface was related to the local pressure coefficlent by

) ai 1y
2 2 0 Po 7
L EP0(1+2M° c] -1 (1)

.

-

A



2621

NACA RM E50DO5 il 1

where P, d1s the stagnation pressure behind a normal shock occwrring

at the free-stream Mach number. Egquation (1) i1s obtained with the
assumptions that the stagnation streamline passes close to the normal
element of the detached wave and that the stagnation pressure beyond
the shock is not noticeably affected by viscosity. For & free-
stream Mach number of 1.9, equation (1) becomss

-0.2857
M2 =5 [1.597 (1 + 2.527 Cp) - (12)
where
C. =0.3957{ 2 -1 (2)
P %0

The relation given by equation (la) is plotted in figure 11, from
whicu the pressure coefficient corresponding to sonic velocity is
seen to be O.68.

In figures 9 and 10, the actual gonic point is seen to occur
upstream of the estimated location for most of the bodles and
coincides with the estimated location for the others. The estimated
location, however, corresponds to the maximum constriction, or
shoulder, which happens to colncide with the =onic point in the one-
dimensional enslogy used throughout the analysis of reference 1.

The actual sonlc polnt, as pointed out in reference 8, should be
located somewhat upstream of this ghoulder.

The pressure digtributions in figures 9 and 10 show that the
displacement of the curves at angle of attack from those for zero
angle of attack is 1ln general less upstream of the sonic point than
downstream of it, although for the pointed bodies (figs. 9(c) and
10(c)) a strong expension appears near the tip at negative angles of
attack. This region of strong expansion near the vertex is visible
in figure 3(e).

For bodies A-1, A-2, A-3, A-4, B-1, B-2, and B-3, expansion
to negative pressure coefficients occurred nesr the shoulder, wilth
subsequent recompression. For bedles A-5, A-8, A-7, B-4, B-5, and
B-6 (figs. 9(e) to 9(g), and 10(d) to 10(f)), the expansion near the
shoulder at zero angle of attack doee not reach negative preseure
coefflicients but is nevertheless sufficlent to indicate that the
expansion waves that originste a ghort distance downstream of the
shoulder and beyond will reach the detached wave only at large dis-
tences from the vertex.
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The pressure coefflicients some distance downstream of the

shoulder are compared with thecretical pressure coefficlents of
- wedges or cones with half-angles equal to the inclination of the
straight portions of the blunt bodies in Ffigures 9(e)}, 9(f), 10(d),
and 10(e). For the plane bodies (A-5 and A-6), the actusl pres-
pures at a distance x/t of 1.0 from the vertex are found to be
. considerably lower than the corresponding wedge pressures; whereas,
for the axlally symmetric bodies (B-4 and B-5) the pressures
epproach closer to the corresponding cone pressures. These figures
. show how blunt bodles, if correctly deslgned, may have lower drags
- then pointed bodles of the same thickness ratlio or length-to-dlameter

ratio. If the region of underpressure (relative to the corresponding
- pointed body) 1s sufficlently large to more than counteract the effect
of the reglon of overpressure near the vertex, lower drag can be
attalned with a blunt body. As will be pointed out subsequently, of
the bodles tested, only B~5 attalned a total drag lower than that of
the corresponding cone.

The effect of finite span on the pressure disitribution along
the center line for the A-bodles was negligible for the portlion of
the contour upstream of the shoulder (fig. 9(b)). This result is
somewhat surprising in view of the large effect of b/T on shock
location. The difference is probably due to the fact that shock
location depende on conditions along the entlre spen; whereas the
effect of the edges on pressure dlstributlon 1s greatest near the
ends and decreases as the center line is approached. Downstream
of the shoulder, the pressure coefficlent for body A-2 approached
zero slightly more rapldly when end plates were sttached (fig. 9(b)).
This result indlcates that the pressure coefficlents for the other

. plane bodles may also have approached thelr asymptotic values more
rapldly if they were truly two-dimensional.

Drag coefficlents. - From figures 9 and 10, the drag coefficients
for each model were obtalined by numerlcal integration of the presesure
coefficlents plotted ageinst y/t end y/R. These drag coefficlents

ere presented in table ITI, The coefficient (cp)total 1 baged cn
the maximum cross-sectional area of each model and is defined as

(cp)tom = 5: Cp A (y/t) (plene bo.d...ies) (3)
' : 0

-

L}
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1

(CD)total =2 Z Cp(7/R)A(y/R) (axially symmetric bodies) (3a)
0

The coefficient (CD SB 1s the drag coeff_icient for the portion of
each hody upstream of lts estimated sonic points and is defined as

(y/t’)SB .
(CD)SB = (t/%)gp Z cPA(y/’c) (plane bodies) (4)
)

or (F/R)SB

2
(CTD)SB = 2(/7)g Z ORI /R) (a:mic bodies)

(42)

Theoretically predicted values of (cD)SB are also shown in table ITT

for comparisom. For the A-bodies, the experimental values of (CD)SB

renge from 1l.11 to 1.28; for the B-group, the values vary from 1.07
to 1.13. The assumption that the form of the nose has little effect
on the drag upstream of the sonic polnt 1s thus seen to be more velid
for axislly symmetrlic then for plane bodies. If the bluntest of the
plane bodies, A-1l, 1s ignored, however, the values of Cp)gg for

the remaining nose forme ere found to lle within 5 percent of the
mean value. Hence, except for extremely blunt bodies, the afore-
mentioned assumptlion can probably be comsgidered valid as an approx-
imation for plane as well as axially symmetric bodies st & Mach num-
ber of 1.9. ’

Comparison of the mean experimentael valuss (1.20 for plane
bodies and 1.1l for axially symmetric bodies) with predicted values
shows thet the predicted values are almost the reverse of the exper-
imental veluee; that is, the predlicted value for axlally symmetric
bodlies 1s close to the mean experimentel value for plane bodies, and
vice versa. Most of this dlscrepancy can probably be attrlibuted to
the oversimpliflcation of conditlons near the gonic lline used in
reference 1. Small changes in the assumed inclination of the sonic
line, for example, can entirely eliminste the discrepancy. Thus, if

R
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in equation (11) (appendix A) the valus of 1 is reduced from 30°

to 26°, (CD)S:B decreages from 1.21 to 1.12. This sensitivity of

drag to the assumed conditione at the scnic line indicates that a
much more detalled snalysie of the flow field ls necessary if an
accuracy greater than that shown in table III is required.

Comparison of the total drag coefficients for the blunt bodles
with those of wedges and cones (table III) shows that all blunt
bodles except B-5 had higher total drag than the correspondling pointed
bodles. It is evident that the high-pressure portion of the blumt
body must be quite small relative to the entire body if its drag is
to be less than that of a pointed body of the seme thickness ratio.
For thin bodles, theory indicatese that the blunting required for a
minimm-~-drag contour is almost invisible (reference 10).

Nose Inlets. - For the axlielly symmetric nose-inlet config-
uratlons shown in figures 3(m) to 3(p)}, the location of the detached
shock wave relative to the inlet llp was used to estimate the mass
splllage from equations (4a) and (la). (The procedure used to meas-
ure L is given in appendix B.) From the resulting values of ym/ySB’

the shock form relative to the inlet was calculated from squetions (7)
and (8a) of appendix A. The assumed and experimental shock forms for
these inlets are shown in figure 12, and the values of T obtalned
from shock location and from other deta are glven in table IV. The
other data for the configurations of figures 12(a) and 12(b) consisted
of measurements of stagnation pressure in the combustion chamber and
area at the ocutlet, where sonic velocity was reached. Inasmuch as
‘the flow coefficient of the cutlet could only be roughly estimated, the
resulting values of T obtained from data at the outlet may be rather
inaccurate. In particular, in figure 12(a), although the outlet was
‘supposedly completely closed, some leekege was believed tc have
occurred; the value obtained from shock location may therefore be more
correct than the value obtained from the nominal outlet area.

In table IV, the value of T of 0.40 for the inlet of fig-
we 12(c) was obtained from an examination of the negative of the
schlieren photograph shown in figure 3(o), in which the slip stream-
line originating at the intersection of the obligque shock with the
detached wave could be clearly seen. Because this slip streamline
passed close to the lip of the inlet, an estimate of ¥ Wes easlly

obtalned. In figure 12(d), the outlet of the diffuser was completely
closed, and the value of T was estimated from the number of per-
forations in the inlet. The flow coefficlient for these perforations
was assumed to be 0.50, which has been found to agree reasonably well
with experimental results {reference 6).

.__’-

L
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The agreement between predicted values end actual velues of T
eppears to be good. The experimental and assumed shock forms slso
agree falrly well except in Pfigure 12(c), where interaction with the
obligue shock from the nose occurs. Although none of the detached
waves 1s preclsely normal at y = ¥y, the assumption thaet the

detached wave 1s an hyperbola with origin at y =y, leads to

fairly accurate values of T. A procedure for lmproving the accuracy
is discussed in appendix B.

SUMMARY OF RESULTS

An Investigation of shock form, shock location, and drag for
a variety of plane and axlally symmetric bodles that produce detached
ghock waves was conducted. The shock location was obtalned for a
renge of Mach numbers from 1.8 to 2.9, and the shock form and drag
were obtalned at a Mach number of l.2. The results of this inves-
tlgation may be summarized as follows: '

l. The form of the detached wave between 1ts sonic points at
a Mach number of 1.9 was represented to good approximation for all
bodies by an hyperbola asymptotic to the free-sitream Mach lines. .
For mogt bodies, thls hyperbola was alsc a good approximation for the
portion of the detached shock wave downstream of 1ts sonic polnts.
The relative independence of the shock form beyond 1ts scmic points
of the form of the body downstream of its sonic point appears to be
due to the overexpansion that generally occurs in the vicinity of the
body sonic point, so that characteristics from only a small portion
of the body contour near the socnlc point reach the detached wave.

2. The variation of the shock-locatlion parameter with noss form
we.s less than %10 percent of the mean value over the Mach number range
Investigated. For the axlally symmetric bodles, the experlimental
velues of shock-location parameter fell between the values predicted
by the geomeitric method and those predicted by the one-dimensionsl
continuity method. For plene bodies with finite span, the experi-
mental values of shock-locatlon parameter were conslderably lower
than predicted values. Thie result wes ettributed to spilliage of
alr around the ends of these models. ZEvidence was obtained that
experimental wvalues approached the predicted wvalues when the end
effects were reduced.

3. For both plene and axially symmeitric bodiles, the wveriation
of shock location and shock form wlth angle of attack was small.
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4. At a Mach number of 1.9, the drag coefficlient for the portion
of each body upstream of its sonic points varied from 1.07 to 1.13
for axially symmetric nose forms and from 1.1l to 1.28 for planse
noge forms. The predicted value wae 6 percent lowsr than the mean
experimental value for plane bodies and 9 percent higher than the mean
experimental va.lue for exielly symmetric bodles.

5. The gpillage of air outslde the cowl of several nose inlets
as predicted from shock location agreed well with the splllsge esti-
mated by other meens. A method was glven for improving the accuracy
of the mass~-flow computation by use of the actual rather than the
hyperbolic shock form.

Llewls Flight Propulsion laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Qhio.
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APPENDIX A

Vd
RESUME OF THEORY

The simplified representation used in reference 1 for the flow
PEttern associated with detached shock waves l1s shown in figure 1.
The shock wave form between its vertex and 1ts sonic point 1s assumed
‘to be represented by an hyperbola asymptotic to the free-stream Mach
waves and the sonic line is assumed to be straight and inclined normal
to the arlthmetic mean of the stream directlons at the sonic points S
end SB. The locatlon of the sonic point on the body SB was esti-
mated by application of the method suggested by Busemsnn (reference 9).
This estimate locates SB at the point of tangency of the body with a
line inclined at the wedge or cone half-angile for which the shock
becomes detached. For plane bodles, this detachment angle 7\d hag

almost the same value as the stream angle at the shock sonic
point }‘S so that the inclination of the sonic line 7 was assumed
to be '

1 =%("sfr7‘a)‘57‘s (5)

For axially symmetrlc bodies, the value of 17 was glven by

n=%(7\8+6 (52)

a)

The representations that correspond to thesse apsumptions are
ghovn in figure l{(a) for closed-nose bodies and in figure 1(b) for
open-nose bodles (nose inlets). The two representations become
ldenticel when ¥, = O, that 1, when no air enters the inlet.

The maximum mess flow Into the 1nlet occurs when the shock is
attached to the 1lip, that is, when Jy, = ygp+ The fraction of this

maximum that spills over the cowl 1s seen to be, for two-dimensional
inlets,

7,
T=1--2 (8)
YsB
and, for axially symmetric inlets,

To1- (_i’.m:) | (6a)
JsB .
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In order to represent the assumed hyperbolic form of the detached
shock wave, the following equation was used in reference 1:

. 2 2
‘3(_2_._ ;§E)=, (.E_) ..(_fg) (7)
Ysp  JsB IsB IsB

X0 ( m
—2 -8 A/6" tanPog -1
YsB /\/ S YsB " Tgp

and where yJ, 18 zero for closed bodies. Applicaticn of the one-

dimenslonal continulty equation to the simplified configurations
yielded the following expressions for ys/§

where

for two-dlmesnsional bodles,

Im
1 -=—3BcosA
¥ Ty S
S SB (8)

¥sp =TI -8B cos Ag

and, for axielly symmetric bodies,

B cos 1
(8a)

1 - B cos 1

where the stagnation pressure ratio (Ps/PO)c’ vwhich ocours in the

gquantity B, is evaluated at the shock wave on the streamline that
represents the centrold of the mass flow crossing the sonic line.

: The assumptions made in reference 1 led to the selection of the
ratlo L/ygp @s & logical shock-location parameter, where L is the

digtance 1in the free-gtream direction between the vertex of the
detached wave and the sonic point on the body and ygp 1is the ordi-

nate of the estimated body sonic point (fige¢ 1). In the approximate
theory of reference 1, thls parameter is independent of the form of
the body and depends only on the free-stream Mach number ;nd the

4

i
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flow splllage. The equations obtained for this parameter by appli-
cation of the one-dlmensional continuity relation were, for two-

dimensionel flow,
i ¥p\ /C + B sin 7\3
= - 1 - B cosA (9)
YsB s

and, for axially symmetric flow,

2

Tm *

l- FB- B cos ¥

L S m
—_— = C + tan -C —— ~ tan
JsB l-BcosT ( n) 5B 1

(s2)

Another expression for L/ySB resulted directly from the assumption

thet the form of the nose upstream of its sonic points does not
eppreclably affect the form or the location of the detached wave or
the sonic line. This expression, which was called the geomstric
approximstion, was given as

}L— = cot 8y (10)
sB

. .
where 83 is the wedge or cone half-angle corresponding to shock

detachment for the given free-stream Mach number. Eguation (10)

was expected to yield an upper limit of the shock locatlion paramster,
whereas equations 9 and S${(a) were expected to yield an average value
of the perameter for s wide variety of nose forms.

The drag coefficient for the portion of closed bodles upstream
of thelr sonic peints was estimated by an application of the momentum
equation to the representation of figure 1(a)}. The following equation
for this coefficlent was obtained for both plane and axislly symmetric
bodiles:

1 - kB
(CD)SB = 2( T =5 oo ?1) (1)
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This coefficient is based on the cross-sectional aree of the body at
its estimated sonic point. The experimental investigation reported
her?in)was designed primarily to check the velidity of equations (7)
to (11). . ' '

1292

!i
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APPENDIX B

MEASUREMENT OF I AND IMPROVEMENT OF ACCURACY IN FREDICTION OF
MASS SPTIIAGE FOR NOSE INIETS

Measurement of L. - For some inlets, particularly for those with
projJecting central bodles, the detached wave may be far from normal
at Ype A consistent method of measuring I'/YSB for such cases 1s

indicated in figure 13. In2smuch as the shock location when ¥y, =0
is glven approximetely by L/ySB = cot 6,, end L/ySB =0

when Ym = Jgp? it appears ressoneble to measure L at the Inter-

gsection of the shock with the line tengent to the lip and inclined at
the angle ©65. This procedure is consistent with the concepts of

reference 1l and gives dlrectly an approximate value of ym/ySB es &
function of L/ySB. A better approximetion, however, is obiteined by
using the value of L/ySB measured by this method in the equation

derived from the continulty method (equation (S2)). The procedure

illustrated in figure 13 waes used to measure L in figures 3(m),
3(n), and 3(p), &5 well as in figure 3(0), inasmuch as the detached
wave was not precisely normel to the free stream at y =y, for

any of these inlets.

Improvement in accuracy of predicting T. - The assumption that
the detached wave 1s hyperbolic with origin at ¥y = Vp maY in some

cages be a poor spproximation. This assumption, however, is non-
essentlal to the method. If the form of the detached wave ig known
from photographs, the location of the sonlc point on the shock is
eaglly determined. A straight line from this point to the lip of the
inlet should then be a good approximetion to the sonic line. If the
flow area at this sonic line is known, the flow area in the free
stream can be calculeated directly from the one-dimensional continuity
equation.  Consequently, 3, can be obtained directly from the actual

form of the detached wave. The mean stagnetion-pressure ratio
required in thls computetion can be chosen as In reference 1 or from
‘the mean shock angle between y =y, and y = yg. The results pre-

sented in this report, however, indicate thet varistioms in the form
of the detached wave do not greatly effect the computed values of T,
so that in most cases equation (9a) should be adequate for esteblish-
ing an approximate relation between T and L/ySB. If the oblique

shock from a central body intersects the detached wave above y = y,,
however, the use of the actual shock form is probably advisable.
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TABIE I - COORDINATES FOR BODIES A-7 AND B-6
¥
x
A-T B-6
0 o] 0
<25 .58 .59
.50 .75 <81
.75 .84 .98
1.00 .92 | 1.13
1.50 1.04 | 1.37
2.00 1.12 | 1.57
3.00 1.21 | 1.85
4.00 1.25 | 2.07
5.00 1.25 | 2.23
6.00 1.25 | 2.37
7.00 1.25 | 2.50
W

TABIE IT - SHOCK-LOCATION PARAMETERS OBTAINED

IN 18- by 18-IKCH TUNNEL

[B_’ree-stream Mach number, 1.9-_.—]

L/y
Body | b/T SB
Experimental | Predicted

A<l 6.16 1.97

A-z 49 62 1-93

A-2 6.16 2.04

A=3 6.16 2.08

A-4 6.16 2.01

A-5 éaoo 1.98

A-6 4.00 2.04

A"? 4000 2.04

A-2 ) 2.23 2.31
B-1 0.80 0.925
B-2 «97

B-3 1.00

B-4 1.00

B-5 «97

B_B 1-00

23
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* TABIE III -~ COMPARISON OF THEORETICAL AND EXPERIMENTAL

DRAG COEFFICIENTS

E‘ree-_sﬁ'eam Mach number, 1.9_.__]

) Cp,sB

Body C

D total Bxperimental | Predicted
A-1 | 1.24 1.28 1.12
A-2 | 1.11 1.20

A-3 | 1.11 1.21

A-4 | 1.07 1.11

A-5 .72 &(0.205) 1.17

A-8 .82 8( .51) 1.15

A7 .77 1.21

B-1 | 0.96 1.09 1.21
B-2 77 1.11

B-3 .78 1.07

B-4 .27 2(0.21) 1.13

B-5 .64 8( .68) 1.13

B-8 .28 1.09

8coefficients for wedges or cones with half-engle
equal to the inclination of the straight portion
of the corresponding blunt bodies.

TABLE IV - VALUES OF T FOR CONFIGURATIONS

OF FIGURE 12

W

Flgure

T
From shock locetion

From other dete

12(a)
12(b)
12(c)
12(d)

0.93
.54
«58
<58

~l1l.00
«55
«40
«59
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A
Yy
YsIm — —
V4
$<§i//
0 C

(a) Closed-nose bodies.

TN

— —
X0 %sB x

(b) Open-nose bodles with splllage.

Figure l. - Simplirfied representations of flow with detached
shock waves (reference 1).

..



Two~-dimensional Axially symmetrlc
body

body

B-1
B-2
B-3

Figure 2. - Sketches of bodies investigated at free~streum Mach mmber of 1l.9. For varlable
Mach mumber tunnel investigation, these bodles were reduced to 0.5-inch maximum tbhickness

or diameter,

14

G000S3 WY YOVN




27

NACA RM EB@DE5H

1292

(2) Body A-1; angle of (b} Body A-3; angle of
attack, 0°. attack, 0°.

(o) Body A-3; angle of (f) Body A-T; engle of
attack, 5.7°. atteck, 5.9°,

(&) Body A-1; engle of
attack, 5.7°.

. |

C- 25505
-~ 3-30-50

.

Figure 3. - Typlcal detached-shock configurations at free-stream Mach mumber of 1.9.
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(&)} Body B-3; a.ngle of (1) Body B-6; angle of
attack, 0°. a.tta.ck, o°. at‘ha.ck, o°.

(1) Body B-1; engle of (k) Body B-3; angle of (1) Body B-6; angle of
attack, 8°. attack, 8°. attack, 8°.
C- 25506
3-30-50

Flgure 3. - Continued. Typical detached-shock comfigurations at free-stream Mach
number of l.S.
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(m) Convergent-divergent
inlet (reference 4).

(o) Double-shock cons
iniet (reference 5).

Figure 3. - Concluded.

(n) Convergéhf-divergent
inlet (reference 4).

(p) Perforated inlet
(reference 6).

‘an;gpr'

C-25504
3-30-50

Typical detached-ghock configurations at free-strean Mach

number of l.8.
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(a) Axlally symmetrilc bodies.

Figure 4., - Bxperimental and theoretlcal variation of shock-location parameter with free-
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(b) Two~-dimensional bodies.
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B4 wil
Experimental
....configuration
Theoretical b/T
configuration ° oo d sund fﬁﬁh)
Two dimensional o 6.16
(/T ®=oc0) 1'% 4.62
— -— Axially symmetric v 3.07
. 7 ———Relative posl-
tion of body
v
6 ///,’
7
7
5
4
.
YsB
]
7y
kI
2
N
B ]_"
il 4
o 4 5 6

ysB |

Flgure 5. - Effect of span-thickness ratio on shock form. Body
A-23 free-stream Mach number, 1.9.
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py = VaBaxy?
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JsB /g/
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JZsad sl
o 1 z x‘:’xo 4 5 : 6
. ) | IsB

(a) Body form variable upstream of estimated sonic point.

Figure 6, = Effect of two-dimenslonal body form on shock form. Free-
stream Mach number, 1.9.
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® /
7
8 //
/_.?’
, /1
/ Body b/T
Ry O A-2 6.16
c A-5 4,00
() O A-6 4,00
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(b) Body form variable downstream of estimated sonic point.

Figure 6., = Concluded.

Effect of two-dimensional body form on shock form,
Free-stream Mach number, l.9.
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(&) Body form varisble upstream of estimated sonic point.
Figure 7. - Effect of axially symmetric body form on shock form. Free-

stream Mach number, 1.9.

“———

37



38 | _ NACA RM E50D05

Body i
O B=2
0 B=4
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(b) Body form varlable downstream of estimated sonic point.

Figure 7. = Concluded., Bffect of axially symmetric body form on shock
form. Free=stream Mach number, 1.9.
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Pigure 8, — Effect of angle of attack on shock form and location, Free-—
stream Mach number, 1,9,
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x/t
(a)' Body A-l.

Figure 9. - Pressure distribution over two-dimensional bodles.
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(b) Body A-2.

Figure 9. - Contlnued. Pressure distribution over two-dimensional
bodles. Free-stream Mach number, 1.9.
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Figure 9. - Continued. Pressure distribution over two-dimensional
bodies., Free-stream Mach number, 1l.9.
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(a) Convergent inlet., (See fig, 3(m).)
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Pigure 12. — Experimental and theoretical shock form upstream of several inlets, FPree—stream

¥ach mumber, 1.9,

O
rY

§00082 WY VOVN




2.8
/4
o
2.4 :/
/|
g7
//
2,0 - /1 )
— Bly-my) ¥ Vafaxy? : ‘A’
-0~ Experimental ;,'
1 1.6 /,\
/
. ViR
. 8
a4 RN Y
/4 - /
/| |
2 f .8
/ .
\ — Hp° [ I i
1 L e Y
EARN > SB"
el Rt
0 A . / 0 Jl I |
-] 0 l ] 3 0 o‘ .8 1.2
ol ol
¥sB TsB
(¢) Projecting 1sland, {See fig, 3{o).) (d) Psrforated inlet. (See fig., 3(p).)

Pigure 18. —~ Gonoluded, Experimsntal and theoretiecal shock form upstresn of several inlets,
Freo~stream Mach oumber, 1,8,

G00053 WY VOVN

1]




56 L NACA RM E50DO5

Experimental \
detached shock

i

Figure 13. = Procedure for measuring relative shock location
for computation of mass spillage and additive drag.

NACA-Langley - T-8-50 - 400



